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Cholera toxin has been shown to activate adenylate cyclase in a large number of tissues (Finkelstein, 1973; Gill & King, 1975; Gill, 1975; Bennett et al., 1975; Bennett & Cuatrecasas, 1975a) . In most of these studies, however, whole cells were preincubated in the presence ofcholera toxin, the cells were subsequently broken and the particulate fraction was assayed for adenylate cyclase activity. There are few reports of activation of adenylate cyclase by cholera toxin in broken-cell preparations. Gill (1975) has demonstrated that adenylate cyclase is activated by cholera toxin in a washed particulate fraction from pigeon erythrocytes provided that NAD+ is present. Sahyoun & Cuatrecasas (1975) have shown that cholera toxin decreases the rate of loss of adenylate cyclase activity during incubation of a particulate fraction from fat-cells.
The purpose of the present study was to establish whether or not cholera toxin would activate cyclase in purified liver plasma membranes, a system where the properties of the adenylate cyclase are relatively well understood (Rodbell et al., 1975) 
Methods
Adenylate cyclase was assayed by the method of Salomon et al. (1974) where ATP was the substrate. Where AMP-P(NH)P was the substrate, assays were performed as described by Houslay et al. (1976) .
Rat liver plasma membranes were isolated and purified by the method of Pilkis et al. (1974) .
Results
Cholera toxin activated the adenylate cyclase ofrat liver plasma membranes with an absolute requirement for NAD+. In the presence of 1 mM-NAD+ the activation is apparent within 1Omin at the lowest cholera toxin concentration used (O.1,cg/ml), and within 5min at the highest concentration (20,ug/ml). The extent of the activation is concentrationdependent and the effect appears to be saturable (Fig. la) . In the absence of NAD+ no effect was observed when the membranes were incubated with cholera toxin under the same conditions for up to 4h.
The effect of varying the NAD+ concentration is shown in Fig. 1 Table 1 . Effect ofpreincubation ofrat liver plasma membranes with cholera toxin and NAD+ on the subsequent response of adenylate cyclase to cholera toxin andNAD+ Rat liver plasma membranes (0.3 mg) were preincubated for20min at 30°C in 1 ml ofthe medium described in the legend to Fig. 1 , except that no radioactive ATP was preent. Further additions were as shown in the Table. The membrane suspension was centrifuged at 14000g for 4min and the pellet washed in 1 ml of 50mM-Tris/HCl, pH7.4, containitg 1 mM-dithiothreitol. The pellet was resuspended in 0.2ml of the same buffer and 0.03 ml samples were assayed (20min, 30QC) in a total volume of 0.1 ml of assay medium with the additions shown in the The specificity for NAD+ is apparently unique among the cofactors to which the membrane is likely to be exposed in vivo. Neither NADH, NADP+ or NADPH, at concentrations up to 5mM, had any effect jn allowing activation of adenylate cyclase by cholera toxin (10jug/ml) over a period of 30min at 300C, whereas in the presence of NAD+ a threefold activation was observed. Gill (1975) has suggested that ATP is required for the action of cholera toxin on adenylate cyclase in pigeon erythrocyte 'ghosts'. The experiment shown in Table 2 shows that this is also the case with purified liver membranes. Membranes incubated with cholera toxin and NA+.D in the absence of ATP and then -washed free of toxin show no effect of cholera toxin when assayed for adenylate cyclase activity. If ATP wss present a large stimulation-was observed. It is noteworthy in this connexion that when AMP-P(NH)P was used in place of ATP as substrate for adenylate cyclase, cholera toxin did not activate the enzyme.
The effect of cholera toxin (10,cg/ml) was examined in the presence of 1 mM-NAD+ and maximally activating concentrations of a number of ligands known to affect adenylate cyclase (able 3). Cholera toxin markedly inhibited the response of F-(10mM) and caused a slight inhibition of the response to GMP-P(NH)P (10pUM), glucagon (1 uM) and a combination of glucagon and GMP-P(NH)P. Where glucagon (1 pM) was added-together with GTP (1OpUM) there was no effect on the activation achieved by cholera toxin and NAD+, but in the presence of GTP (10pUM), cholera toxin caused a marked activation, about double that seen normally. Adenylate Table 1 ). The highest concenthat the preparation was free of NAD+. rd in this study was 5mM (Fig. lb) .
The lag before onset of activation appears to be :ivity of adenylate cyclase. Addi- dependent, to some degree, on the concentration of increased this activity sixfold, i.e. cholera toxin, ranging from less than 5min at the ontrol in the absence of NAD+. higher concentrations used to about 10min at the x lowest concentrations. This is in marked contrast with the situation in whole cells, where lags of between 30min and 4h have been reported (Finkelstein, 1973; Cuatrecasas etaaL, 1976 ). Cuatrecasas and co-workers have suggested that the length of the lag is independent of the cholera-toxin concentration. They conclude that the rate-limiting step is the release of the active subunit of the toxin from the inactive choleragenoid and its subsequent passage through the membrane to interact with adenylate cyclase (Bennett & Cuatrecasas, 1975a,b; Sahyoun & Cuatrecasas, 1975; Cuatrecasas et al., 1976) . However, the lag may be explained, at least in part, by the relatively low concentrations of NAD+ that may be available in vivo, in combination with the relatively low concentrations of cholera toxin that were used.
The free NAD+ concentration in liver cells is approx. 0.5mM and one might expect considerable variation from tissue to tissue. This suggestion is in accord with the observation that cell lysis prevents further activation, presumably owing to dilution of endogenous NAD+ or its destruction by NAD+ glycohydrolase.
Further, NaCN and NaN3 both inhibit the activation of adenylate cyclase in intact cells (Bennett & Cuatrecasas, 1975a,b) , perhaps as aresult ofincreased cytoplasmic NADH and decreased NAD+ owing to the inbibition of mitochondrial respiration. The observed effects of cholera toxin in decreasing the responses to both F-and glucagon have been noted by other workers (Bennett & Cuatreasas, 1975a,b; Cuatrcasas et al., 1976) . Our novel observations that cholera toxin is inhibitory in the presence of GMP-P(NH)P and does not activate when AMP-P(NH)P is used as substrate lends support to the view that AMP-P(NH)P and GMP-P(NH)P may not only act as analogues of ATP and GTP but have other effects on the enzyme. In the presence of the natural effector GTP the activation by cholera toxin is increased dramatically. Indeed GTP protects the glucagon response from inhibition by cholera toxin. The potentiation of the response to cholera toxin by GTP suggests that the action ofthe cholera toxin may be to some extent analogous to the action of stimulating hormones, whose responses are also potentiated by GTP (Rodbell et al., 1975) .
The mechanism of action of cholera toxin on adenylate cyclase is poorly understood. The nature of the involvement of NAD+ and ATP is unknown and there is little information about the interaction of cholera toxin with the other effectors of the enzyme, guaninenucleotides andhormones. The use ofcholera toxin with this well-characterized purified membrane system should be helpful in increasing the understanding of the mechanism of action, not only of the toxin but of other effectors of the enzyme.
